Summary. Using standardized methods for protein extraction and analysis, the testes of rams, bulls, goats, boars, stallions, rats, cats, hedgehogs, European mink and ferrets were examined for basic spermatid nucleoproteins by electrophoresis. The results suggest that differences exist in the total number of these proteins as well as in the number and amount of the cross-linked cystein-containing proteins. These differences appear to be more family-specific than species-specific.
Introduction
Although the primary structure of several mammalian basic nuclear sperm proteins (BNSP, also named protamine) has been described, the changes in the nuclear proteins of spermatids have only been biochemically investigated in the rat Grimes, Meistrich, Platz & Hnilica, 1977) , the ram (Loir & Lanneau, 1978a, b) and the mouse (Geremia, Goldberg & Bruce, 1976; Bouvier, 1977) .
In rats and rams, histones leave the chromatin at specific stages of spermatid maturation, before being replaced by the basic sperm protein. During this replacement process, low molecular weight basic proteins, which are mostly spermatid-specific, are present in the nuclei. However, there are striking differences between these spermatid proteins in the rat and in the ram. Indeed, only 3 (TP, TP2, TP3) have been identified and analysed in the rat while 8 such proteins have been found in the ram. This difference could result from the techniques used. For instance, the numerous ram protein fractions could be due to proteolysis, or to unreduced oligomers or mixed disulphides. Evidence presented elsewhere (Loir & Lanneau, 1978b ) makes this seem unlikely. Since differences have already been demonstrated in the primary structure of 8 mammalian protamines (Coelingh et al, 1972; Kistler, Geroch & Williams-Ashman, 1973; Monfoort, Schiphof, Rozijn & Steyn-Parvé, 1973; Bellvé, Anderson & Hanley-Bowdoin, 1975; Calvin, 1976; Balhorn, Gledhill & Wyrobek, 1977; Tobita, Namoto, Tsutsumi, Nakano & Ando, 1979) , it is more probable that species-specific differences also exist in mammalian spermatid proteins.
In this study, we have conducted a comparative electrophoretic investigation of the basic spermatid proteins in 11 mammals belonging to 7 different zoological families.
At least 10 rams (Ovis aries), 3 goats (Capra hircus) Populations of elongating and elongated spermatid nuclei were prepared from ram, bull and rat testicular tissues by treatment with 0-05% Triton X-100 after separation of spermatids by sedimentation at unit gravity (Loir & Lanneau, 1978a) .
When a sufficient amount of testis (about 20 g) was available, i.e. from ram, goat, bull, boar, wild boar, rat and cat, sonication-resistant nuclei of non-round spermatids were prepared (Loir & Lanneau, 1978a) . After 1 or 2 purifications by centrifugation (1000 g, 30 min) through 1-5 M-sucrose the populations of nuclei obtained from every species were as clean and pure as those previously characterized from ram preparations (Loir & Lanneau, 1978a) . Checks by phase-contrast microscopy showed that for every species the sonication-resistant nuclei corresponded only to elongated spermatid nuclei. For each of the species studied, sperm nuclei were prepared in the same way by sonication of spermatozoa from the cauda epididymidis or the ejaculate.
Acid-soluble basic proteins were extracted from the various spermatid and sperm nuclei populations with 0-4 n-H2S04. After 3 acid extractions, which removed all the acid-soluble proteins, the cross-linked, cystein-containing basic proteins from the sonication-resistant spermatid nuclei and sperm nuclei were extracted by a reducing treatment (Loir & Lanneau, 1978a ). The nuclei were incubated for 4 h at 37°C with 0-28 M-2-mercaptoethanol, 1-2 M-NaCl, 4 M-urea, pH 8-5. Then, iodoacetamide was added to a final concentration of 0-5 M and, after 2h, DNA was precipitated by addition of 0-25 n-HCI, and removed by centrifugation. The supernatant was dialysed then freeze-dried.
Electrophoretic analysis
Protein extracts were analysed by electrophoresis on polyacrylamide gels containing 6-25 or 2-5 M-urea (the acetic acid-urea method of Panyim & Chalkley, 1969) . Cylindrical gels and lmm thick slab gels were used. Samples were preincubated for 2 h at 37°C with 0-5 M-2-mercaptoethanol. Gels were stained with amido-black and scanned with a Vernon densitometer. Relative mobilities (Rm) were measured for the major protein bands with reference to histone 4. For some samples, gels were stained for protein SH-groups with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB; Zelazowski, 1980) . The various protein extracts of ram testicular tissue were also analysed by two-dimensional gel electrophoresis as described by Goldknopf & Busch (1975) .
Results

Basic proteinsfrom sperm nuclei
After extraction by a reducing treatment of the sperm nuclei from ram, goat, bull, domestic boar, wild boar, rat and cat, only one prominent protein band was obtained, which corresponded to the basic nuclear sperm protein. In the domestic boar and the wild boar a smaller and slower additional band was present that we have named V. It could correspond to a minor component of boar protamine which is known to be heterogeneous (Tobita et al, 1979 Although all the extracts were processed similarly, variations were observed between animals of one species, but usually this was in the relative amounts of the protein bands rather than in the occurrence and 4 value of the major protein bands.
Ram. In previous studies on the ram (Loir & Lanneau, 1978a) , only 6-25 M-urea gels were used. By using 2-5 M-urea gels (Text- fig. 1 .
The patterns of acid-soluble proteins and of 2-mercaptoethanol-extracted proteins from sonication-resistant nuclei from goats (Text- fig. 1 ) and bulls were similar to those obtained in the ram. In the bull, there was a smaller amount of protein band 2-3 in acid extracts of sonication-resistant and of non-round spermatid nuclei (Text- fig. 3 ). For a given protein band, the differences in Rm values between species were of the same magnitude as individual variations. It is therefore difficult to say whether slight differences exist in the Rm values between the 3 species; the mean RHA values for the major spermatid proteins (2-5 M-urea gels) of bulls, rams and goats were 0-88 for band P^1 -12 for band 2-3; 1-37 for band 7 and 1-88 for band T. Domestic and wild boars display identical patterns of acid-soluble proteins on one hand and of 2-mercaptoethanol-extracted proteins (Text- fig. 1) fig. 1 ) a protein band co-migrates with the minor sperm protein V.
In the rat, the results (Text-figs 1 and 3) were similar to those obtained by Grimes et al (1975 Grimes et al ( , 1977 . However, in our hands, a smaller amount of S was rendered acid-soluble by sonication and histones were still detectable in sonication-resistant nuclei. This could have resulted from a difference in the efficiency of sonication. The pattern of 2-mercapto¬ ethanol-extracted proteins (Text- fig. 1 ) is in agreement with the known absence of cystein in protein TP, which cannot be stained by DTNB, and the presence of this amino-acid in TP2 and TP3 (Grimes et al, 1977) , which can be stained by DTNB.
In the cat (Text- fig. 1 fig. 2 ) were present in the ovine and porcine control organs but absent in purified spermatid nuclei.
Sonication-resistant nuclei of spermatids were not prepared for stallion, hedgehog, mink and ferret but the 3% TCA-soluble protein patterns provided some information on the spermatid proteins faster than histone 4. In the stallion, there appeared to be 2 proteins with the same ÄH4 values as the bovid proteins 2 and T. In the hedgehog (Text- fig. 2 ), 2 proteins were probably present but their mobilities were comparable with those of bovid proteins 7 and T. The link between these 2 proteins and the spermatids is confirmed by their absence in testes devoid of these cells during the non-breeding season (Text- fig. 2 ). In the mink and ferret there seemed to be no spermatid protein faster than histone 4 and it is not known whether one or more slower proteins (such as P[) are present.
Discussion
In the rat and in the ram, the stage of spermatid maturation at which the onset of sonication resistance occurs is known. This corresponds to the end of nuclear elongation which is coincident with the time when histones are nearly completely removed from chromatin. In the other animals studied, the corresponding maturation stage is unknown. Nevertheless, because the sonication-resistant nuclei appear to be elongated nuclei and contained very low amounts of histones (Text- fig. 1 ), we suggest that the acquisition of resistance to sonication reflects similar nucleoprotein changes and chromatin reorganization in the mammals studied.
In (Coelingh et al, 1972; Kistler et al, 1973; Monfoort et al, 1973; Bellvé et al, 1975; Calvin, 1976; Balhorn et al, 1977; Tobita et al, 1979 It has been proposed that the spermatid proteins of the rat (Grimes et al, 1977) and the ram (Loir & Lanneau, 1978a ) may be involved in the shaping and condensation of the spermatid nuclei. The cross-linking of the spermatid proteins by -S-S-bridges could play an essential role in chromatin reorganization (Loir & Courtens, 1979) . Our results suggest that the spermatid nuclear changes do not need, depending on the species, as many acid-soluble proteins and as many cross-linked proteins as in bovids and in suids. Since in the rat the nuclear changes require only 3 spermatid proteins, it can be questioned whether all the proteins in animals with more than 3 proteins play a necessary role. The discovery of any animals which possess only one or no spermatid protein would also be of interest for the possible evolutionary significance of the variation in spermatid and sperm nuclear proteins.
The structural pattern of chromatin condensation has been studied in 7 mammals with sickle-shaped or flattened-ovoid shaped sperm nuclei (Courtens & Loir, 1975 , 1981 . Similarities were again observed amongst bovids (ram, bull and goat) while differences exist between these and the 4 other species (boar, mouse, rat, stallion) which each had an individual pattern. Further comparative biochemical and ultrastructural investigations on spermatid proteins may provide clues to the structure-function relationships in nuclear protein changes during mammalian spermiogenesis.
